Abstract. According to the characteristics and control requirements of cryogenic plasma equipment system, a measurement and control system based on CAN bus and Ethernet is designed. In the system, the LM3S8962 chip is taken as the core chip, and the intelligent node controllers with CAN and Ethernet communication interface are designed, and the underlying equipment driver program is completed. The control program of each node and the man-machine interface with the host computer are also designed. The characteristic analysis and performance test of the network measurement and control system are carried out, and the expected functions are achieved.
Introduction
The plasma is a kind of material form consisting of free electrons and charged ions. It is often regarded as the fourth state of matter, after solid, liquid and gas. There are three types of plasma: high temperature plasma, hot plasma and cold plasma [1] . Low temperature plasma is mainly used for the plasma-assisted film deposition, plasma polymerization, material surface modification, biological sample treatment, nano-material preparation, plasma chemistry and electron beam, the generation of particle beam and laser beam [2] . With the development of the research on plasma and the related processing technologies, the precision improvement of industrial processing equipment and the development of power electronics technology, various testing and control devices have been applied in this field, such as mechanical pressure gauges, manual control valves and off-line plasma parameter diagnostic equipment, which makes the parameters of low temperature plasma can be controlled. Therefore, the treatment process effect of plasma is as good as that of traditional process, and even surpass that of traditional methods in some fields. The advantages of low-temperature plasma such as non-waste, non-pollution and low cost are gradually highlighted.
At present, there are a number of well-known low temperature plasma equipment manufacturers in the world, such as Plasma Technology and Diener in Germany, Europlasma in Belgium and MKS, AGS Plasma Systems and Plasma Technology Systems in the United States. These companies can not only provide complete sets of equipment and components, but also provide customers with overall solutions. Moreover, their products generally have multiple communication interfaces, which improves the flexibility of users. For example, MKS company's 13.56 MHz RF plasma power supply, DC high voltage and DC pulse power supply series products, which provide both Fieldbus interfaces of DeviceNet (based on CAN) and Profibus, besides the traditional RS-232 communication interface. Most cryogenic plasma surface treatment equipment produced by Plasma Technology Systems Company can provide USB and Ethernet interfaces. However, in China, the development of cryogenic plasma equipment started late [3, 4] . After rapid development in recent years, some companies with slight strength have emerged in China, such as Shenyang Scientific Instruments Co., Ltd. of the Chinese Academy of Sciences, Nanjing Suman Electronics Co., Ltd. and Gouding Nanotechnology Co., Ltd. However, compared with well-known foreign companies, the equipment produced by these companies not only have poor reliability and measurement accuracy, but also have the problems of inadequate application of modern measurement and control means, low automation and low precision of parameter measurement. For example, Zhou et al. adopted DCS scheme to automatically control the pre-cooling of EAST cryogenic system, instead of more advanced FCS scheme [5] . Lin still uses the RS-232 interface which is more traditional and backward [6] . He et al. constructed a computer monitoring system for plasma surface treatment process by RS485 bus, in which the main controller managed several PIC microcontrollers through RS485 bus [7] . Therefore, the domestic low-temperature plasma equipment industry has great potential in automation, which needs to be studied and developed. Therefore, this paper will introduce the network measurement and control technology of CAN bus and Ethernet into the cryogenic plasma equipment system in order to improve the measurement and control technology and automation level of the system.
System Scheme

Composition of Cryogenic Plasma Equipment System
The cryogenic plasma equipment system is generally composed of power supply (microwave power supply, radio frequency power supply, DC high voltage power supply), vacuum pump, frequency converter, vacuum chamber, vacuum meter, flowmeter, probe measuring instrument, etc. The structure of the cryogenic plasma equipment system is shown in Figure1. The functions of each module of the system are described as follows. Vacuum chamber is the place where plasma is produced and the main place where materials are prepared to react. Discharge power supply is mainly used to generate plasma. Vacuum pump is to use mechanical, physical and other methods to extract air from the pumped container to obtain vacuum. In the vacuum pump, mechanical and physical methods are used to extract air from the pumped containers to obtain vacuum. The vacuum gauge is used to measure the vacuum in the vacuum chamber, that is, the gas pressure. Flowmeter is mainly used to control the intake flow of working gas and measure the flow. Probe measuring instrument is mainly used to diagnose the parameters of plasma in vacuum chamber, such as electron temperature, electron density, ion density, etc. [8] .
The system workflow is described below. First, open the solenoid valve of the vacuum gauge and the vacuum pump. Then, turn on the vacuum pump to vacuum. When the vacuum in the vacuum chamber reaches a certain background vacuum (such as 10Pa), turn on the flowmeter and set the working gas intake flow. When the air pressure in the vacuum chamber is stable, the discharge power is turned on and the power of the discharge power is adjusted to produce plasma. Then, the probe measuring instrument is turned on to measure the plasma parameters, and the plasma parameters are adjusted by negative feedback until the expected values are stabilized.
Overall Scheme of the System
Aiming at the system platform of low temperature plasma equipment in laboratory, in order to construct networked measurement and control system, the networking scheme based on CAN bus and Ethernet technology is proposed as follows, according to the characteristics of each equipment in the system. Firstly, the underlying device nodes are connected by CAN bus to form a CAN network. Then, the CAN network accesses the Ethernet through the CAN-Ethernet gateway. In this way, the system can be operated by local host computer and remote host computer. The system structure is shown in Figure 2 . Because the communication between host computer and gateway is only through Ethernet, there will be no conflict in Ethernet communication when local control is carried out. In addition, the hardware cost of this scheme is low, but the software design is relatively difficult. 
System Hardware Design
Considering the equipment and control requirements, two control boards are designed. One is a general node control board for vacuum meter, flowmeter and frequency converter, and the other is a DC high voltage power supply control board for DC high voltage power supply. The general node control board mainly includes a relay, an RS485 interface, an RS232 interface, a CAN interface, an Ethernet interface, two LED lights and a temperature sensor. The control board of DC high voltage power supply mainly includes two relays, one DA output (0~1V), two analog signal conditioning and detection circuits, one RS232 interface, one CAN interface, one Ethernet interface, two LED lights and one temperature sensor.
The General Node Control Board
The LM3S8962 microcontroller is adopted in the intelligent node control board. The microcontroller has MAC controller and PHY transceiver. It also has a CAN controller, so it can simplify the design of communication circuit between Ethernet and CAN bus.
In order to improve the anti-interference ability of the system, isolation design is needed. The system uses CTM1051LA chip. Two LEDs are used as communication indicators, which can facilitate debugging and fault location, and an optional 120 Euro terminal resistance.
Adding Ethernet interface can facilitate equipment access to Ethernet network and build measurement and control system based on Ethernet, so as to greatly enhance the flexibility of system design.
The DC High Voltage Power Supply Control Board
The LM3S8962 microcontroller is still adopted, because a unified controller chip can help to reduce the difficulty of development, in the case of meeting the control requirements. Compared with the general node control board, one analog output, two analog input and two relay circuits are added in the DC high-voltage power supply control board. The CAN interface, Ethernet interface, RS232 interface and temperature sensor circuit on the two boards are the same.
The output voltage of DC high voltage power supply ranges from 0 to 2000 V. Because the output voltage range is too large, it needs to be divided first. By sampling 1:500 piezo resistor, the voltage of the front end to be adjusted is 0～4V. In order to reduce the influence of 50Hz power frequency interference, a 50Hz notch filter should be needed. In practical circuit, a low-pass filter is designed to filter out signals above 10Hz because only the steady-state voltage of the output of the DC voltage component needs to be measured.
The output current of DC high voltage power supply ranges from 0 to 200 mA. The front-end voltage of 0~2V is obtained when the current passes through a 10-ohm sampling resistance. After that, the impedance is transformed by following the first voltage, and then the signal is amplified twice by a co-amplifier. The range of voltage signal is 0～4V. The latter signal conditioning circuit is the same as the voltage conditioning circuit, which will not be repeated here. The adjusted voltage and current signals both range from 0 to 4V. A low-power, dual-channel, serial A/D converter ADC122S051 produced by TI is selected.
The output voltage of DC high voltage power supply is regulated by 0 ~ 1V analog quantity, and the variable voltage output can be realized by DAC or digital potentiometer. The DAC regulation mode is adopted in the circuit.
System Software Design
The software design includes the man-machine interface design, CAN-Ethernet gateway program design and CAN node program design. Considering the flexibility of programming, it is decided to transplant embedded real-time multi-task operating system C/OS-II on the LM3S8962 microprocessor. On the CAN application layer, the open source CANopen stack Canfestival protocol are transplanted. In addition, in order to realize Ethernet communication, TCP/IP protocol stack needs to be transplanted. Finally, we choose to transplant open source TCP/IP protocol stack LwIP.
Transplantation of UC/OS-II Operating System
When the Keil integrated development environment is used to establish engineering documents, there are few modifications needed. Two important interface files, os_cpu_c.c. and os_cpu_a.asm, need not be modified because they are suitable for the LM3S8962 microcontroller. In the Startup.s file, the interrupt processing function OS_CPU_PendSVHandler with soft interrupt of PendSV is added to the interrupt vector table. The function is implemented in the os_cpu_a.asm file, which is mainly used to complete context switching. In addition, the processing function of timer interrupt OS_CPU_SysTickHandler should be added, which is implemented in the function os_cpu_c.c(). Finally, the function OS_CPU_SysTickClkFreq () needs to be modified to SysCtlClockGet (), which is provided by the integrated library file driverlib.lib.
Transplantation of CANopen Protocol
The key of transplantation is to write the following functions for the LM3S8962 microcontroller [9, 10] . After transplanting the code of CanFestival protocol stack, the protocol stack transplanted on LM3S8962 can be tested with USB-CAN interface card and PC software. If the functions of NMT, node protection, SDO and PDO are found to be normal, the transplantation of CanFestival protocol stack is successful.
Transplantation of LwIP Protocol
In order to realize Ethernet communication, TCP/IP protocol stack needs to be transplanted to microprocessor LM3S8962. Considering the actual situation, we choose to transplant the LwIP protocol stack. The key to porting is to implement the operating system simulation layer and write the underlying network driver [11, 12] . The main work is to write the related functions in sys_arch.c and ethernetif.c. The file sys_arch.c is in the operating system simulation layer and needs to be written by the developer. The file ethernetif.c is the interface between the LwIP protocol stack and the underlying network card. It is necessary to write the underlying driver function for the specific network chip.
After implementing the related functions in the above two files, compile the protocol and download the program to the circuit board for testing. At first, Ping the IP of the target board on the PC command line. If everything normal, then the TCP/UDP debugging tool can be used to test, which indicates that the LwIP protocol transplantation is successful or not.
Design of Node Software
The design of node software mainly includes five parts: vacuum meter node software, flowmeter node software, Inverter intelligent nodes software, DC high voltage power supply software and CAN-Ethernet gateway.
Vacuum gauge nodes have two main tasks. One task is to periodically send RS485 commands to the vacuum gauge to obtain the vacuum value. Another task is responsible for network communication, that is, receiving the control commands of the master node for corresponding processing, and sending the vacuum degree to the master node. Flowmeter nodes also accomplish two tasks. One is to receive control commands from the master node to control the flowmeter. Another task is to periodically upload flowmeter status information to the master node. The program framework of the flowmeter is similar to that of the vacuum meter.
Inverter intelligent nodes also have two main tasks. One is to control the frequency converter by the control command sent by the main task receiving node. Another task is to periodically upload the state information of the converter to the master node.
The DC high-voltage power supply uses a power supply with 0-2000V voltage and 0-200mA current output, which is customized. The output voltage and power can be adjusted by external knobs. The framework of the node program is similar to that of the vacuum meter and flowmeter mentioned above. The difference is that their underlying drivers are different. For DC high voltage power supply, it is necessary to write the driver of DAC and ADC.
The main function of the CAN-Ethernet gateway is to realize the mutual transformation between Ethernet and CAN messages. Specific tasks include the following two aspects: (1) receives UDP control commands sent by PC, parses them, and then converts them into control commands sent by CANopen master node to CANopen slave node; (2) receives TPDO messages and Heartbeat messages from slave node, and then sends the above two messages to PC through UDP. The program flow of the CAN-Ethernet gateway is shown in Figure 3 .
Software Design of Host Computer
Visual studio 2010 VC# development environment is adopted. A connection button is set on the software interface of the host computer. When this button is clicked, the PC sends 4 bytes of UDP connection frames to the gateway node. When the gateway node receives the connection frame, it returns the frame data as a response. When PC receives the response frame, a prompt dialog box pops up to judge the connection status of Ethernet.
On the host computer, the CAN bus status of each node can be monitored. Set some options switch, button and text area on the PC interface, and if you click on them, the corresponding UDP control command will be send. The function of the text area is to receive the parameter values input by the user or to display relevant information. The parameter range has been set in the background program. If the input parameter value exceeds the normal range, the software will pop up a prompt dialog box.
System Test and Result Analysis
On the basis of completing the function test of CANopen protocol stack, the real-time performance of PDO data transmission is tested. In order to ensure the fastest transmission speed of PDO, set its transmission type parameter to 0x01, that is, CANopen triggers a PDO transmission once it receives a synchronous SYNC message from the node.
Test 1
Select one CANopen master node and one CANopen slave node. The baud rate of CAN bus communication is set to 250 kbps. The main node sends synchronous SYNC messages for a period of 1 ms. The data message sent from the node is 8 bytes. The physical signals corresponding to SYNC and PDO messages measured by Tektronix oscilloscope in Figure 4 , in which the SYNC synchronization signal has a shorter time width. As can be seen from Figure 4 , the signal width of SYNC message is about 150 us. After 150us, PDO messages began to be sent, which lasted about 450us. After 250us, new SYNC messages are sent. It is concluded that the synchronous transmission delay of PDO under this test condition is about 150 us. The results can also be obtained as follows. For the case of one master node and one slave node, the minimum period of SYNC transmission from the master node is 750us (150us+150us+450us), which is also the minimum period of PDO communication. If the SYNC message cycle is less than this value, some PDO data messages will be lost.
Test 2
Select one CANopen master node and three CANopen slave nodes. The baud rate of CAN bus communication is 250 kbps. The main node sends synchronous SYNC messages with a period of 2 ms. Each PDO data message sent from the node includes 8 bytes. The physical signals corresponding to SYNC and PDO messages measured by Tektronix oscilloscope are shown in Figure 5 . Since there is no time interval between three PDO messages, the lower limit of synchronization message cycle under this condition can be obtained according to the results of test 1,, i.e. T > 1650us (150us +150us+450us*3). As can be seen from Fig.8 , for three slave nodes, when the synchronization message cycle is 2 ms, the PDO messages sent from each slave node will not conflict, and the synchronization message cycle can also be reduced to 1700 us.
The above test results show that the real-time performance of PDO data transmission in the CANopen protocol is good. When the baud rate is 250 kbps, the PDO transmission delay is about 150 us. With only one slave node, the PDO communication cycle can be as low as 0.75 ms. When there are three slave nodes, the PDO communication cycle can be as low as 1.7 ms.
Finally, the whole system is tested. Each equipment in the cryogenic plasma equipment system can be controlled by the upper computer, and the related parameters and the network status of each node control board can be displayed. The system runs stably and reliably. The average time taken from the upper computer to send control commands to each node to respond is less than 10 ms.
Conclusions
According to the characteristics and control requirements of cryogenic plasma equipment system, a measurement and control system based on CAN bus and Ethernet is designed. The test results show that the system works stably and reliably, and the communication delay time is less than 10 ms. The host computer can acquire and display the relevant parameters of each equipment unit in real time, and control them, so as to realize the monitoring of the operation status of the cryogenic plasma equipment system. The system basically achieves the expected goal and requirement.
